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Stability Analyses in the Ports of Long Beach and Los Angeles 
Allen M. Yourman, Jr. and Gerald M. Diaz, USA 
SYNOPSIS: The combined Ports of Los Angeles and Long Beach (Ports) have experienced 
extensive growth over the last three decades. A main feature of the expansions is the 
creation of new land by placing hydraulic fill behind rock retention dikes. This paper 
presents an overview of the recent history and state of practice of slope stability analyses 
performed for projects related to the expansion of the Ports. The geologic and seismic 
setting and typical soil conditions are also described. This paper is based on a review of 
geotechnical reports prepared for projects in both Ports and selected published papers. The 
various investigators used the current state of the practice analyses, with remarkably close 
agreement in the basic seismic design criteria. The designs and construction practices have, 
however, varied significantly, particularly in the configuration of the rock dikes (full 
section and multilift dikes). The design approaches and construction practices in both Ports 
have been satisfactory as evidenced by the performance of the facilities. Because of 
different designs located in the same seismic setting and the abundance of quality 
geotechnical data, the combined Ports offer an excellent opportunity to install field 
instrumentation to learn from future earthquakes. 
The conclusions reached and statements made in this paper are solely those of the authors, 
and do not necessarily represent the opinions of other parties, firms, or agencies involved 
in any of the projects referenced. 
BACKGROUND AND SITE DESCRIPTION 
The San Pedro Bay (Bay) contains both the Ports 
of Long Beach (POLB) and Los Angeles (POLA) as 
shown on Figure 1. The POLB is located on the 
eastern half of the Bay. The northern portion 
of the POLB consists mostly of natural soils; 
the southern half consists mostly of artificial 
fills. The POLA, located in the western half 
of the Bay, consists mostly of natural soils 
with the exception of Terminal Island, which 
was originally a small island that was expanded 
by filling. The water depths within the Bay 
currently range from approximately Elevation 
- 16 to -70 feet (-5 to -15 meters)*. Ground-
surface elevations of fills located behind 
containment dikes are approximately +15 (5 
meters). 
* All elevations are referenced to Mean Lower 




The typical Port fill construction procedure 
has consisted of building perimeter rock dikes 
placed on the harbor bottom and filling behind 
the rock dikes with dredged soil. The rock 
generally consisted of quarry waste, quarry 
run, or quarry rock. This material typically 
was minus 12 inches (0.3 meters) with differing 
amount of fines. The dredged material has been 
placed both by pipe discharge and barge dump 
methods. As shown on Figure 2, the rock dikes 
have been placed both as full section and 
multilift step configurations and in some 
cases, partial rock "dikes" have been placed on 
cuts made in either natural or filled ground. 
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In the full rock-dike configuration, a single 
trapezoidal section is constructed from the 
harbor bottom to finish grade, and dredge 
material is placed behind it. In the multi-
lift approach, a small trapezoidal section 
starter dike is placed on the harbor bottom and 
dredge material placed behind it. The next 
rock lift is then placed on the initial rock 
and backfill. This procedure is repeated until 
the dikes and backfill reach the finished 
elevations. In the cut sections, the existing 
bank is cut with a clam or dragline dredge and 
the rock placed on the slope. Dredge cut 
slopes for wharves have varied between 2:1 
(horizontal to vertical) to 3:1. Rock slopes 
as steep as 1-3/8:1 have been used, and as 
flat as 3: 1 have been proposed, but 1-1/2:1 
rock slopes are generally used. Containment 
dike construction in the POLA has typically 
consisted of full rock-dike sections, whereas 
in the POLB, containment dikes usually have 
been constructed in multilifts (Figure 2). 
The hydraulic fills, as placed, typically 
consist of fine- to medium-grained sands that 
are loose and weak, and are generally 
susceptible to liquefaction during an 
earthquake. Site improvement has been used for 
some projects and has typically consisted of 
sand or wick drains and surcharge to reduce 
postconstruction settlement. Ground 
improvement to reduce liquefaction potential 
has been used on a very limited basis. We 
understand that it has been applied at the Long 
Beach Naval Station and was proposed for the 
Pactex Oil Terminal (Harding Lawson Associates 
[HLA] I 1986). 
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Geologic and Seismic Setting 
Southern California has a history of seismic 
activity. The primary faulting system in 
southern California is the San Andreas fault, 
which extends from Imperial Valley to Cape 
Mendocino. Of equal or greater importance to 
the Ports is the Newport-Inglewood fault, 
located just east of the POLB. One other fault 
of significance, the Palos Verdes, passes 
through the POLA. Studies have been performed 
by HLA (1989), D&M/Mesa2 , Inc. (1982), 
Woodward-Clyde Consultants (WCC, 1976), and D&M 
(1975) to estimate the Holocene to Recent 
activity along the Palos Verdes and other fault 
zones. Table 1 presents a summary of 
significant faults and their historic and 
potential seismicity. Epicenters of Richter 
Magnitude 5. 0 and greater (Toppozada, 1978, 
1981) that occurred from 1852 through 1988 near 
the Bay are shown on Figure 3. 
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Figure 3. Epicenter and Richter Magnitude 5.0 
Earthquakes in California and other 
tectonically similar regions generally occur 
along faults that show evidence of prior 
Quaternary movement, and the earthquake 
magnitude is proportional to the ruptured 
length of the fault segment. This close 
association between earthquakes and faulting in 
California has been extensively studied; the 
data suggest that mapped fault locations are 
the primary sites of future moderate to strong 
earthquakes. It is now recognized (Stein and 
Yeats, 1989) that earthquakes may occur in 
areas where there is no surface or near-surface 
evidence of faulting, as evidenced by the 1987 
Whittier Narrows earthquake. Other causative 
faults may exist within the Los Angeles basin 
that are currently unknown or unmapped, and are 
capable of producing at least a Magnitude 6.0 
earthquake. Therefore, known causative faults 
should not be viewed as the only faults capable 
of strong motion in the Bay area (MAA 
Engineering/Robert Pyke, 1988). 
Seismic Design Criteria 
Ground Shaking 
A comprehensive earthquake design criteria 
report (Housner, 1975) was prepared for the 
POLB and has been used extensively as a basic 
reference document. Housner concluded 
that "· • The probability of a Magnitude 8+ 
event on the San Andreas fault during the next 
100 years is relatively high (estimated to be 
approximately 90 percent probability). The 
probability of a Magnitude 6.0 to 6.5 event on 
the Newport-Inglewood fault close to Long Beach 
during the next 100 years is estimated to be 
approximately 50 percent." 
Shown on Figure 4 are the results of the strong 
ground motion probability analysis for POLA 
Berths 225-229 (CH2M Hill, 1984), Pactex Oil Terminal (HLA, 1986) and Berths 212-215 (HLA, 
1987), which include a "background earthquake" 
of Magnitude 6.0, LNG Ship Terminal (D&M, 
1975), and "average California seismicity" 
(Housner, 1975). Housner stated that "the 
seismicity of the Long Beach area is considered 
to be approximately the same as the average 
California seismicity." The predictions are 
similar even though they were performed 11 
years apart for different areas in the Bay. 
The closeness of the predictions suggest that 
significant ground shaking can be expected 
during a 50-year design life of a port 
structure. This ground shaking will likely be 
relatively similar for projects located within 
the Bay. 
Liquefaction Potential 
Because much of the Ports• land is composed of 
hydraulic fill, the liquefaction potential of 
hydraulic fill is a major concern and greatly 
affects the seismic slope stability. In a 
review of previous project performance in the 
Bay, Pyke, Knuppel, and Lee (1978) concluded 
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that " . the risk of damage due to 
liquefaction is not as great as has been 
sometimes stated for hydraulic fills in seismic 
areas • " and that ". . the hydraulic 
fills in the harbor area survived the ( 1933 
Long Beach] earthquake with negligible damage 
" The report also stressed the importance 
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Figure 4. Results of the Strong Ground Motion 
Even though most reports for Port projects 
considered liquefaction in some form, the 
results of the analyses were generally 
presented in a qualitative discussion rather 
than a quantitative method. Most of the 
analyses were performed for hydraulic fills. 
In addition, most of the liquefaction analyses 
were separated (uncoupled) from the slope 
stability analyses. Where liquefaction analyses 
were performed, the results generally show some 
significant zone that has liquefaction 
potential. 
Subsurface Conditions 
Subsurface conditions in the Bay typic~lly 
consist of the alluvial soils described below. 
o Layer 1: Sand and Silty sand (SP/SMl - The 
uppermost soil unit consists of medium 
dense to dense, fine-grained sand with 
approximately 5 to 30 percent fines 
(passing the number 200 sieve) . This layer 
extends to approximately -45 feet (-14 
meters). Some relatively thin silt/clay 
layers are frequently encountered in this 
layer. In many areas, this upper layer 
resulted from hydraulic fill. These filled 
areas are generally loose to medium dense. 
o Layer 2: Silt and Clay (ML/CL) - Medium 
stiff to stiff silts and clays underlie 
Layer 1. Layer 2 is typically at an 
approximate elevation of -45 to -65 feet 
(-14 to -20 meters) and varies in thickness 
from 5 to 20 feet (1.5 to 6 meters). These 
soils typically are located just above or 
below the A-line on a plasticity chart. 
o Layer 3: sand and Silty Sand (SP/SM) 
These materials are dense, fine- to medium-
grained sands similar to those in Layer 1, 
but slightly coarser grained and more 
dense. This layer generally extends from 
Elevation -65 to -150 feet (-20 to -59 
meters). Silt and clay seams are frequently 
encountered in this layer. The elevations 
of these seams vary but are generally 
located above Elevation -90 feet (-27 
meters). 
o Layer 4: Sand and Sandy Gravel CSP/GP) 
This layer extends to the depths explored, 
approximately Elevation -180 feet (-55 
meters). Layer 4 consists of medium- to 
coarse-grained, dense to very dense, 
granular materials. 
SLOPE STABILITY ANALYSES BEFORE 1970 
Geotechnical investigation reports before the 
1970s were very brief. A summary of the slope 
stability analyses for dredge and rock slopes 
is presented on Tables 2 and 3, respectively. 
DATE PROJECT INCL 
X:1 
5/29/89 BTHS 60,61,68-72 2 
6/09/88 SERTHS 212·215 2.25 












3/10/86 PACTEX TERMINAL 3 
2/20/86 BERTHS 200 Y&Z 
9/01/84 BERTHS 225-229 
7/26/84 BERTHS 171-173 
10/11/83 BERTHS 174-185 
2.25 37.5 2 
5/27/83 BERTHS 145-146 
9/25/81 BERTHS 216·218 
5/15/80 BERTHS 216·218 
2.25 60 




























In the early 1960s the POLB proposed a 
significant expansion of their facilities known 
today as Pier J and spawned the first 
relatively significant geotechnical 
investigation report reviewed. The geotechnical 
investigation for the Pier J Expansion (D&M, 
1961) included numerous offshore borings and 
significant laboratory testing. Factors of 
safety against sliding for various geometries 
of dike slopes were presented. Various dike 
geometries were investigated because of the 
influence of a 10-foot- (3 meter) thick soft, 
normally consolidated, fine-grained harbor 
bottom layer. The selected alternative, a 
multilift step-rock dike, was constructed 
slowly enough to allow for the soft soils to 
gain sufficient strength upon consolidation to 
support successive lifts. This multilift step 
dike had a slope inclination of 1-1/2:1 and 
construction factors of safety slightly greater 
than 1.2. The long-term computed static factor 
of safety was 1.5. Both total and effective 
shear strengths (based on direct shear tests) 
were considered. Diagrams of the critical 
factor of safety were not presented. However, 
a discussion regarding the slope stability 
computations, the ordinary method of slices, 
was presented. Seismic slope stability was 
addressed by commenting that the slopes should 
be stable during an earthquake. 
A geotechnical investigation (D&M, 1969) was 
conducted when Pier J was expanded in the later 
part of the 1960s. This report was based on 
similar laboratory tests and contained similar 
conclusions (multilift rock dike with 1-1/2 
slope inclinations) as the earlier report. 
PSEUDO· 







(IN) X:1 (FT) PHI ANGLE F.S. 
5/18/90 PIER J, NO~TH WHARF 
5/25/89 BERTHS 60,61,68·72 
6/09/813 BERTHS 212·215 
6/09/813 BERTHS 212·215 
4/28/87 BERTHS 97·101 
10/29/86 PIER J EXPANSION 
3/10/86 PACTEX TERMINAL 
3/10/86 PACTEX TERMINAL 
10/22/84 BERTHS 136·139 
9/01/84 BERTHS 225·229 
9/01/84 BERTHS 225·229 
7/26/84 BERTHS 171·173 
10/11/83 BERTHS 174·185 
5/27/83 BERTHS 145·146 







Rock Fill on Dredge Slope 2 50 
Dredge 2.3 60 
Half Multilift Dike 1.5 65 
Full Dike 1.5 95 
Multilift Dike/No Berm 1.5 95 
Rock Fill on Dredge Slope 1.5 60 
Rock Fill on Dredge Slope 1.5 50 
Full Dike 1.5 50 
Rock Fill on Dredge Slope 1.5 50 
Rock Fill on Dredge Slope 1.5 60 
Rock Fill on Dredge Slope 1.5 60 












9/25/81 BERTHS 216·218 ELEMENT 3 Rock Fill on Dredge Slope 1.5 60 
100 
40 
2/26/81 BERTH 121, PIER E 
5/15/80 BERTHS 216·218 ELEMENT 
7/11/78 SOHIO/PIER J 
4/02/76 OUTER HARBER DEVP 
4/02/76 OUTER HARBER DEVP 
2/01/76 ENVIRON GEOTECH SAMPLING 
9/30/75 LNG SHIP TERMINAL 
9/30/75 LNG SHIP TERMINAL 
5/18/70 PIER J, BERTHS 243·244 
9/05/69 PIER G&J EXTENSION 
Dredge Slope w/ Rock Face 2 
Rock Fill on Dredge Slope 1.5 
Multilift Dike 2 
Full Dike 1.25 
Full Dike on Dredge Slope 1.25 








































(a) L!quefact!on not included because analysis indicated liquefaction not t ikely to occur. 
(b) Ltquefactton not included because of recomnen:iation to iq:.rove ground to preclude liquefaction. 










































However, the fine-grained surface layer was 
removed prior to construction of the rock 
dikes. The report noted that "more than 150 
stability calculations were performed." Post 
construction factors of safety between 1.1 and 
1.5 were calculated. Seismic slope stability 
was not addressed. 
In 1969 (Evans, 1969) triaxial compression 
tests were used to evaluate shear strength 
parameters. This report proposed "partial" 
dredge slope inclinations of 3:1; flatter than 
the 2:1 dredge slopes previously used in the 
Ports. Recommendations for quarry waste rock 
slope inclinations as steep as 1-3/8:1 were 
provided. Seismic slope stability was not 
addressed. 
SLOPE STABILITY IN THE 1970s 
In the 1970s proposed (but not constructed) LNG 
and petroleum projects in the outer Bay 
initiated several significant geotechnical 
investigations (D&M, 1975; Long Beach Harbor 
Consultants, 1976; WCC, 1976; Fugro, 1978). 
These investigations had larger scopes of work 
and more detailed reports than those in the 
previous decade. 
Shear strengths were estimated by the 
investigators noted above based on the results 
of static and dynamic triaxial compression 
tests. Computer programs such as LEASE (WCC, 
1976) were used. With the use of computers, 
numerous failure surfaces with complicated 
analytical slope stability procedures such as 
Bishop's method (Bishop, 1955) were used (WCC, 
1976). However, the ordinary method of slices 
was still used (Fugro, 1978). 
The recommended minimum static factor of safety 
of 1. 5 was used. However, recommendations were 
provided for dredge slopes with static factors 
of safety as low as 1. 3. These factors of 
safety were for dredge slopes with 2:1 
inclinations. The recommended quarry rock 
inclinations were 1-1/4 to 1-1/2:1. In the 
POLA, these rock sections were basically full 
dikes (WCC, 1976). However, the POLB had 
multilift rock dikes with 2:1 slope 
inclinations (Fugro, 1978). 
Seismic slope stability was addressed in many 
ways. Both one- and two-dimensional finite 
element analyses techniques were conducted 
(WCC, 1976; Long Beach Harbor Consultants, 
1976; Fugro, 1978). Computer programs such as 
SHAKE (Schnable, et al, 1972) and QUAD-4 
(Idriss, et al, 1973) were used during this 
time. Design and recorded earthquake motions 
were used as input into the finite element 
programs. Post-earthquake conditions were 
evaluated (WCC, 1976) based on reduced shear 
strengths. These reduced shear strengths were 
based primarily on sandy soils with high pore 
pressures generated from an earthquake. 
Seismic slope stability evaluations were 
presented in terms of an overall factor of 
safety (WCC, 1976), ratios of excess pore water 
pressure (Long Beach Harbor Consultants, 1976) 
and permanent deformations (Fugro, 1978). 
These analyses were basically coupled 
(addressing liquefaction and slope stability at 
the same time). The results of these analyses 
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were somewhat similar (WCC, 1976) and concluded 
that " ..•. the hydraulic fill has a relatively 
high potential for liquefaction .•. ". At least 
one investigator (D&M, 1975) noted that the 
seismic stability of the rock dikes is 
significantly affected by liquefaction. 
SLOPE STABILITY IN THE 1980s 
The projects in the 1980s were generally 
limited to marginal container wharves in the 
inner harbor. The geotechnical investigations 
and reports were not as comprehensive as those 
conducted for outer harbor LNG and petroleum 
facilities in the 1970s. In the early 1980s, 
the POLA authorized a study to develop a 
prototype container·-handling wharf (Daniel, 
Mann, Johnson & Mendenhall, 1981; HLA, 1980, 
1981) . The feasibility of several different 
types of wharf and containment structures was 
investigated including rock dikes, cellular 
sheetpiles, and sheetpile walls with and 
without tiebacks. It was concluded that large 
gravity structures (quay or cellular 
structures) were not economical for the inner 
Bay because the weak bottom soils and 
earthquake-induced forces required either very 
high strength members (tiebacks, sheetpiles, 
etc.) andjor very wide structures. 
Hydrodynamic water pressures were also 
considered in the analyses in that study. 
Slope stability analyses were performed using 
Bishop's modified method using the computer 
program STABR (Lefabre and Chirapuntu, 1972) • 
Static factors of safety of 1. 5 were 
recommended for both dredge and fill slopes. 
Because of previous construction dredging 
failures of 2:1 slopes, dredge slopes of 2-1/4 
were recommended. A full rock-dike section 
with an inclination of 1-1/2:1 was recommended. 
Seismic slope stability was addressed using a 
pseudostatic approach. Liquefaction was 
addressed separately (uncoupled) from seismic 
slope stability. The seismic coefficient used 
in the pseudostatic analyses, 0.19g, was based 
on a 25 percent reduction of the probable 
maximum ground acceleration (0.25g). The 
probable maximum ground acceleration was based 
on a 50 percent probability earthquake 
occurring with the 50-year design life of the 
structure. The probability analyses used had 
been conducted previously (D&M, 1975). The 
results of the analyses indicated pseudostatic 
factors of safety of approximately 1. However, 
pseudostatic factors of safety slightly less 
than 1 (0.9) were considered acceptable. The 
report (HLA, 1981) discussed that rock slopes 
performed relatively well during earthquakes 
and that a pseudostatic factor of safety less 
than 1 indicated some downslope movement but 
was not necessarily failure. Liquefaction was 
addressed in the report but not explicitly 
included in the seismic slope stability 
analyses. 
Other geotechnical investigations for other 
POLA container wharf projects (D&M, 1982; wee, 
1983; CH2M Hill, 1984; Ertec, 1984) generally followed the recommendations outlined by the 
1981 HLA report: 1-1/2: 1 full section rock 
dikes and 2-1/4: 1 dredge slopes. Seismic slope 
stability was analyzed using pseudostatic 
methods. The horizontal coefficient of gravity 
used in these analyses varied from 0.1 to 0.19 
g • s. Liquefaction was analyzed separately 
(uncoupled approach) and not explicitly 
included in the seismic slope stability 
analyses. The results of these analyses were 
similar; the pseudostatic factor of safety 
generally ranged from o. 8 to 1. 15. These 
reports generally contained explanations 
similar to that described by HLA (1981). 
Simplified deformations analyses (CH2M Hill, 1984) were also presented for the first time. 
These analyses indicated deformation up to 30 
inches depending on the level of ground 
shaking. 
POLS projects in the outer Bay used multilift 
step rock dikes (Geofon, 1984, 1987). For the 
next expansion of Pier J, multilift rock dikes 
with 1-3/4:1 slopes were recommended (Geofon, 
1986) • The computed static factors of safety 
were approximately 1. 5. Seismic slope 
stability deformation analyses were based on a 
Newmark analyses procedure (TNMN; TESS; TAGA, 
1985). Geofon (1987) reported "Based on these 
analyses, the displacement at the top of the 
slope during the design earthquake was computed 
to be negligible." That report also indicated 
that the proposed hydraulic soils would not 
liquefy during a major earthquake. 
In one project (D&M, 1989), the effect of piles 
in the slope (to support a wharf) were 
considered to 1ncrease the static slope 
stability factor of safety from 1.1 to 1. 5. 
Generally, most investigators did not include 
the effect of piles in stability analyses. 
SLOPE STABILITY IN THE 1990s 
Three reports have been completed for the POLS 
in 1990 (HLA, 1990a, 1990b; Leighton, 1990). 
The investigations used the computer program 
PCSTABL (Siegel, 1975) and Bishop's modified 
method for slope stability analyses. The 
static slope stability analyses, for the HLA 
project on the original Pier J had slopes with 
static factors of safety slightly less than 1.5 
(1.45) confirmed the long-term static slope 
stability factor of safety originally estimated 
(D&M, 1961). The Leighton report for a 
proposed project in the inner channel 
recommended a full rock-dike section and a 
minimum static factor of safety of 1.5. 
Seismic slope stability was addressed using 
pseudostatic, "post-earthquake" and deformation 
analyses (HLA, 1990a). For pseudostatic 
coefficients, HLA used a 25 percent reduction 
in the probable peak ground acceleration. The 
Leighton report used the full value of the peak 
ground acceleration. Both peak accelerations 
were based on a 50 percent probability 
earthquake during the 50-year design life. 
The post-earthquake analysis performed assumed 
no horizontal coefficient, but reduced shear 
strength based on sandy soils with excess pore 
water pressures. This was a simplified, coupled 
approach. The liquefaction analyses and 
"residual" shear strengths were based on 
procedures outlined by Seed, et al (1984, 1986) 
and seed (1986), respectively. 
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Deformation analyses used by HLA were based on 
procedures developed by Makadisi and Seed 
(1978). Leighton used a "simplified Newmark's 
method" to estimate permanent deformations. 
Limitations of the various seismic analyses 
were addressed by HLA. Mainly these 
limitations stem from separating the reduction 
in shear strength from the ground shaking and 
assumptions upon which the Makadisi-Seed 
procedure is based. These assumptions are: (1) 
the soils retain a majority of their shear 
strength during and after the earthquake and 
(2) that the sliding mass behaves as a block. 
We judge that these assumptions are 
unconservative by HLA. 
HLA's liquefaction analysis (1990b) indicated 
that the actual Pier J Expansion hydraulic 
fills could be subject to liquefaction based on 
the assumed design earthquake. 
FUTURE SLOPE STABILITY 
It is the authors' opinion that the seismic 
stability of slopes located in the Bay is 
greatly influenced by liquefaction of soils 
located behind rock dikes. These soils 
frequently are placed hydraulically without 
densification. To provide a better assessment 
of seismic slope stability, it will be 
necessary to combine the liquefaction analyses 
with the slope stability analyses (coupled 
approach) • This combination can be accomplished 
using a permanent deformation approach. 
To the author's knowledge, no stability 
analyses that allow for large permanent 
deformations caused by weakened soils have been 
performed for either port. However, the 
complex finite element programs to analyze 
existing slopes that contain backland soils 
subject to liquefaction is under consideration. 
Also, there is no widely accepted procedure to 
predict permanent deformations of embankments 
or rock-faced dikes that have backland soils 
subject to liquefaction. Several complex 
finite element programs such as TARA3-FL (Finn 
and Yogendrakmur, 1989) and DYNAFLOW (Prevost, 
1981) are available and have been used on 
embankment dams but not for port and harbor 
slopes and embankments. Also, these programs 
have not yet gained wide acceptance within the 
local practicing geotechnical community. 
Additional testing, use, and/or simplication of 
these or similar programs may result in wider 
acceptance. 
SUMMARY 
The methods and results of the static slope 
stability analyses have not changed 
significantly in the last 30 years. Computer 
calculations have replaced hand calculations 
allowing for the use of more complicated 
procedures such as Bishop • s method. With 
computers, more failure surfaces can be 
reviewed. However, while the results of both 
hand and computer analyses indicated that 
dredge slopes should be "stable" at 
inclinations of 2:1, numerous construction 
failures of dredge slopes during the 1970s 
(HLA, 1980) indicated that the procedures used 
do not duplicate field conditions. Therefore, 
2-1/4:1 dredge slope inclinations are now 
typically used. However, the rock slope 
inclinations have not varied from approximately 
1-1/2:1. 
The understanding of the seismicity of the Bay 
has changed significantly in the last 30 years. 
However, the results of the seismic exposure 
analyses in the last 15 years have not varied 
significantly. The results of the seismic 
exposure analyses shown on Figure 4 indicate 
that local site conditions do not significantly 
affect ground acceleration. It appears that 
the initial study (Housner, 1975) is still 
appropriate for both Ports. 
The methods and results of seismic slope 
stability analyses have changed significantly 
in the last 30 years. Before the 1970s, 
seismic slope stability was generally not 
addressed in reports. In the 1970s, seismic 
stability was considered and analyzed, 
sometimes using complex finite element programs 
for large critical projects. These complex 
analyses coupled liquefaction analyses with the 
slope stability analyses. Pseudostatic slope 
stability analyses were also used during this 
time. The results of both complex and simple 
analyses conducted during the 1970s generally 
indicated significant liquefaction and slope 
stability concerns (factors of safety less than 
1 or excess pore water pressures) during 
earthquakes. 
In the 1980s, the seismic slope stability 
analyses generally consisted of the 
pseudostatic approach uncoupled from 
liquefaction analyses. However, during this 
time period, permanent deformations based on 
Newmark 1 s method were also calculated. The 
permanent deformations were generally completed 
using simplified procedures such as those 
outlined by Makdisi and Seed (1978). However, 
it is the authors' opinion that some of the 
basic assumptions in the simplified procedures 
do not apply to local soils conditions. As the 
Ports expand their facilities and with 
increased awareness of the consequences of 
earthquakes, additional, more sophisticated 
analyses will likely be needed. 
The slope designs and construction practices 
have varied significantly, particularly with 
respect to the use of both full section and 
multilift rock dikes. Because of these 
different designs located in the same seismic 
setting and the abundance of quality 
geotechnical data, the combined Ports offer an 
excellent opportunity to install field 
instrumentation to learn from future 
earthquakes. 
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